■ Abstract It is usually assumed that stressful life events interfere with our ability to acquire new information. However, many studies suggest that stressful experience can enhance processes involved in learning. The types of learning that are enhanced after stressful experiences include classical fear and eyeblink conditioning, as well as processes related to learning about threatening stimuli. Stressful life experiences do seem to interfere with processes involved in memory, often expressed as deficits in the retention or retrieval of information that was acquired prior to and was unrelated to the stressful experience. The trends are limited, as are their implications, because most studies examine adult males, yet the effects of stress on learning processes are influenced by age and sex differences. With respect to mechanisms and anatomical substrates, the effects of stress on learning are usually dependent on the action of stress hormones in combination with neuronal activities within the hippocampus, amygdala, the bed nucleus of the stria terminalis, and the prefrontal cortex.
INTRODUCTION
The effects of acute stressful experience on subsequent learning are diverse and vary in their direction, strength, and occurrence. The variability in the types of responses is attributable, at least in part, to organismal properties, such as age, sex differences, and species. The responses are also dependent on the types of stressful events that occur, the length and intensity of those experiences, and finally, on the type of learning that is assessed. Because of this, there is no consistent or simple relationship between stress and learning. In this review, the effects of stressful experience on learning abilities in human and nonhuman animals are reviewed. Changes that occur across the lifespan are highlighted, as are effects that differ between males and females. Finally, the brain substrates and neuronal mechanisms that underlie the effects of stress on learning are assessed, with an emphasis on glucocorticoids and changes that occur within the hippocampus, amygdala, bed nucleus of the stria terminalis, and prefrontal cortex.
STRESS EFFECTS ON PROCESSES OF LEARNING AND MEMORY

The Effects of Acute Traumatic Stress on Learning and Memory in Humans
It is understandable that there would be numerous types of effects of stress on learning because there are so many types of stressful events that animals can experience in their lives. In humans, the effect of two types of stressful experience are most often studied-those that occur naturally during a severe trauma or those that are experimentally induced and often are not as stressful, such as public speaking or social interaction. The effects of traumatic experience on processes involved in learning abilities are discussed first. According to the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV-TR; Am. Psychiatric Assoc. 2000), a traumatic stressor is an event that includes "actual or threatened death or serious injury, or other threat to one's physical integrity or others." Traumatic events include military combat, violent personal assault, being kidnapped, being taken hostage, terrorist attack, torture, incarceration as a prisoner of war or in a concentration camp, natural or manmade disasters, severe automobile accidents, or being diagnosed with a life-threatening illness. The ways in which traumatic stress can affect learning processes tend to fall into three categories: the learning abilities that exist before and during the traumatic experience (i.e., intelligence), memory processes that are affected during the experience itself (memory for the trauma and related stimuli), and the more incidental effects of the trauma on subsequent learning abilities.
There have been numerous reports that intelligence and general learning abilities at the time of trauma can predict whether a person will develop the pathological symptoms associated with posttraumatic stress disorder (PTSD) (Buckley 2000) . In particular, several studies have reported a negative correlation between intelligence and the likelihood that a person will develop PTSD, such that war veterans with low IQ are more likely to develop symptoms of PTSD (Pitman et al. 1991) . In one study, veterans from Operation Desert Storm were subjected to tests of attention, verbal memory, and visuospatial memory after returning home from the war (Vasterling et al. 1997) . There was no relationship between PTSD and attention, but those that developed PTSD were more likely to have low scores on tests of verbal memory, which is thought to represent a more crystallized form of intelligence. This relationship between verbal memory and PTSD was apparently not affected by the amount or severity of the trauma but instead was a reflection of the degree of verbal memory skills prior to combat exposure. Thus, the data suggest that pretrauma abilities predict how the stressful event will affect future abilities, some of which include processes involved in learning and memory.
Several attempts have been made to directly assess associative learning in humans who have been exposed to a traumatic life event. One of the most common procedures involves classical eyeblink conditioning. In the standard paradigm, a human is presented with an airpuff to the eye, which elicits an eyeblink as an unconditioned response (UR). When the airpuff is immediately preceded by an auditory stimulus as the conditioned stimulus (CS), humans learn the association between the tone and the airpuff and blink in response to the tone, in anticipation of the airpuff. This blink is the conditioned response (CR) and is used as an indirect measure of learning. Performance of this task has been assessed in patients that have experienced trauma, and at least one study reports deficits in conditioning (Ayers et al. 2003) . Interestingly, the deficits occurred in groups that experienced trauma associated with combat, irrespective of whether they suffered from PTSD, although medication may have contributed to the deficits. Aside from this effect, there are few demonstrations that learning per se is impaired by traumatic experience. Rather, it appears that processes involved in memory recall and retrieval are more vulnerable. For example, veterans with PTSD were able to acquire new information at the time of encoding; however, when asked to recall that information later, they expressed deficits (Yehuda et al. 1995) . These effects of trauma on memory function are not limited to war stress but extend to other stressors such as childhood abuse (Bremner et al. 1995) .
In the studies discussed thus far, the stimuli embedded in the learning tasks were unrelated or at least not directly associated with the trauma itself, yet humans react to stimuli that are related to stressful events differently than they react to stimuli that are unrelated to the stressful event. Some studies find that PTSD patients respond to threatening stimuli faster than to unthreatening stimuli (Bryant & Harvey 1995 , although others suggest no bias exists (Trandel & McNally 1987) . One of the more popular methods of assessing information processing after a stressful experience is a modified Stroop test, in which people are presented with words that are either threatening or neutral. The words are presented in colors, and the subject is asked to name the color of the word. In one study, rape victims with PTSD responded slower when naming the color of rape-related words than when naming neutral words; this bias did not occur in rape victims without PTSD or in women that had not been raped (Foa et al. 1991) . This delayed recall of threat words 58 SHORS has also been observed in patients that were victims of motor vehicle accidents and combat (Bryant & Harvey 1995) . Thus, these studies suggest that humans respond to the cues related to trauma at a slower rate than to cues that are unrelated to trauma. These findings can be interpreted in at least one of two ways; one is that the victims are avoiding the threatening stimuli, which retards their response. The other is that the victims are paying more attention to the threat-related cues, which retards their response. Most studies seem to support the later explanation.
In an implicit memory test, PTSD subjects showed a facilitated response for the threatening words, which suggests that the words had been encoded correctly and perhaps even in a facilitated manner at the time of training (Kaspi et al. 1995) .
The Effects of Acute Social Stress on Learning and Memory in Humans
The relationship between stress and learning in humans that suffer from PTSD is complex and not easily summarized. It is also critical to note that most humans who experience severe trauma recover completely and do not suffer the consequences of PTSD (Bonanno 2004 , McNally 2003 . As such, an analysis of patients with mental disorders may not reveal the natural relationship between stress and learning. Minimally, the effects of stress on learning and memory in healthy humans must be considered. That said, it is difficult to study the effects of stress on learning in humans that are not victims of trauma. Some studies have used aversive stimuli such as shocks to induce stress in humans, but the practice is infrequent; more importantly, the degree of stress induced by mild shock is much different from that during trauma such as rape or combat. Often, anticipation of shock is used, as well as more benign experiences of public speaking, social interaction, and exposure to arousing pictures. A sample of findings from these types of manipulations is presented.
The effects of stressful experience on classical conditioning have been examined in humans. In one study, participants were exposed to emotionally arousing photographs that depicted pleasant, neutral, or unpleasant scenes. The participants were then classically conditioned using an eyeblink response as the measure of performance (Grillon & Hill 2003) . In general, their responses were unaffected. However, about 50 years ago, Spence and colleagues conducted a series of studies in which they manipulated anxiety or took advantage of endogenous differences and measured performance during eyelid conditioning. In general, they found that greater degrees of anxiety were associated with increases in performance and that emotionally responsive subjects emitted more learned responses (Spence & Beecroft 1954 , Spence & Goldstein 1961 , Spence & Taylor 1951 . Thus, if anything, arousing and stressful situations seem to enhance performance during classical conditioning.
A commonly used stressor in human studies is the Trier Social Stress Test, in which humans are asked to organize and perform a five-minute speech in front of observers while being videotaped. They are then asked to conduct several minutes of mental arithmetic. In one study, adult men were exposed to a list of words and then asked to perform the speech and the mental arithmetic tasks. After the stressful experience, the men were unable to recall as many emotionally arousing words as those who did not experience social stress (Kuhlmann et al. 2005) . There was no effect of the stressful experience on cued recall, working memory, or attention. In another study, exposure to the stressful event was associated with poor recognition of pleasant, but not unpleasant, words; recall was unaffected (Domes et al. 2004) . Studies using public speaking as a stressor have presented mixed results. In one study, there was no effect of public speaking on performance about 30 minutes later when using such measures as verbal learning, digit memory spans, and recall. Similarly, there was no effect on learning or recall of words presented either before or after a psychosocial stressor (Wolf et al. 2002) . Others find enhanced performance after public speaking. For example, one study found that public speaking increased performance during a dichotic listening test, in which subjects were instructed to attend to the presentation of auditory stimuli delivered to one ear versus the other (Al'Absi et al. 2002) . The effect size was not large, but most of the effects of public speaking stress are not. It would be surprising if the effects were large, since dramatic changes in learning abilities in response to minor fluctuations in the stress response would not be very adaptive.
The effects of stress on memory in nonpatient populations seem to depend on not only the quality and intensity of the stressful experience but also on what is asked to be remembered. Using a more intense stressor than public speaking, Cahill and colleagues have reported some interesting findings (Cahill et al. 2003) . Participants first were exposed to slides that were emotionally arousing or neutral. Immediately afterward, they were asked to immerse their arm in a bucket of icecold water for several minutes. This type of stressor is perceived as very aversive and elicits robust increases in stress hormones, such as cortisol. One week after the stressful event, the participants were asked to recall the pictures that they had seen prior to the stressor. Those that experienced the stressor recalled more of the arousing pictures and in greater detail than did those that did not experience the stressor. The acute stressor did not affect the recall of neutral words. Thus, exposure to a relatively intense stressful experience in humans was associated with enhanced recall of information that was arousing in nature. These results are perhaps similar to those observed in humans with PTSD, who tend to express a bias toward remembering stimuli that are threatening and/or related to the traumatic event from which they suffered.
The Effects of Acute Stress on Learning and Memory in Nonhuman Animals
The effects of a stressful experience on learning processes in nonhuman animals are most often studied in one of two ways. The first is considered an acute stressful event and often consists of brief shocks or swimming for tens of minutes. The second is a more chronic stressful event, usually consisting of hours of restraint each day for several weeks. Other procedures include naturalistic stressors such as predator odors and social dominance manipulations, again under acute and chronic situations, respectively. The effects of stressful experience on learning in SHORS laboratory animals, as in humans, are assessed at different times, sometimes during the acquisition of new information but most often during the recall or retrieval of memories that were acquired prior to the stressful event.
The most well-known and investigated stress/learning phenomenon is that of learned helplessness (Overmier & Seligman 1967 , Seligman & Maier 1967 . In this manipulation, animals are exposed to a series of shocks, typically footshocks, from which they can learn to escape. A yoked control animal is exposed to the same amount and numbers of shocks but cannot escape. Thus, in this manipulation, two animals are exposed to shocks, but one animal learns to control the amount of stress that it receives and is therefore considered to have established control over the stressful events. With this type of stressor, it has been shown that animals that cannot establish control over the shock are impaired in their ability to learn to escape a shock in another task. For example, during the stressful event manipulation, one animal would learn to escape a shock by running once through a door to the other side of a shuttle box ( Figure 1A) . A yoked control animal would not be able → Figure 1 The effects of controllable versus uncontrollable stress on "learning" depend on what the animal can learn. (A) Adult male rats were trained each day for seven days (d1-d7) on an operant conditioning task in which they could learn to escape from a mild footshock. The graph to the left shows response times (mean latency in seconds ± SEM) for rats that could escape. These rats were yoked to animals that could not escape but were nonetheless exposed to the same amounts of shocks. One day after this manipulation, all animals were trained on a similar task except that they had to cross the shuttle box twice in order to terminate the shocks. The new task was also conducted in a new context. As shown, those that were exposed to the inescapable stress in the first phase did not learn to escape in the second phase of training, whereas those that were exposed to the escapable stress rapidly learned to escape . Rats that were not pretrained on the escape task (No Stress) performed moderately well, but not as well as those that learned to escape. Asterisk denotes a significant change in response relative to the response from the No Stress group. (B) As represented in Figure 1A , adult male rats were trained each day for seven days (d1-d7) on an operant conditioning task in which they could learn to escape from a mild footshock. The graph on the left shows response times (mean latency in seconds ± SEM) for rats that could escape. These rats were yoked to animals that could not escape but were nonetheless exposed to the same amounts of shocks. One day after this manipulation, all animals were trained with a classical eyeblink conditioning task using a trace paradigm in which the conditioned stimulus and the unconditioned stimulus are separated slightly in time (500 ms). The graph on the right shows the percentage of conditioned responses in all groups, including a group of animals that were not exposed to the escape training. Only the animals exposed to the uncontrollable stress responded differently, and they responded with a greater percentage of conditioned responses (Leuner et al. 2004b ). Asterisk denotes a significant change in response relative to the response from the No Stress group. to escape but would be exposed to the same amount of stress as the escapable stress animal. Subsequently, both animals would be trained in a new context on a task in which they could learn to escape a shock by running back and forth across a shuttle box. The animal that had learned to escape by running through the door rapidly learns to run back through the door and escape the shock. The animal that learned that escape was not possible would not move as much upon exposure to the new learning situation and thus would not learn to escape ( Figure 1A ). This effect of not learning to escape after being exposed to inescapable stress is termed "learned helplessness" and has been associated with a number of negative symptoms in SHORS humans such as passivity, sleeping and eating disturbances, and depressive-like behavior. The important point is that the animals exposed to the uncontrollable stress learn that their responses are ineffectual.
There has been much discussion about learned helplessness and whether it represents a deficit in learning or performance (Maier & Jackson 1979 , Minor et al. 1991 . It is certainly the case that animals that cannot learn to escape are impaired later on a task in which escape is possible ( Figure 1A ). It is also the case that they do not move much when being trained because they learned that movement did not alleviate the shock. This is in part why the failure to learn is called "learned helplessness": Animals exposed to the inescapable shock have "learned" to be helpless. Interestingly, animals exposed to inescapable stress show enhanced learning (or at least performance) during training on other tasks that are not as dependent on overt movement. For example, male rats that are exposed to inescapable stressful events emit more learned responses during classical conditioning using either a fear response or eyeblinks as the dependent measure ( Figure 1B ) (Leuner et al. 2004b , Maier 1990 ). Neither of these types of conditioning is affected by exposure to the same amount of escapable stress. This combination of findings illustrates the futility of identifying one type of stress effect on learning. Clearly, exposure to the very same type of stressful experience, in this case inescapable footshocks, can either impair or enhance performance during various learning tasks. Minimally, the effects of stress on learning depend on what the animal is asked to learn and what it learned before.
The other type of learning that is studied frequently in laboratory animals is spatial navigation and memory for locations in space. This type of learning is frequently measured using two types of tasks, the Morris water maze task and the radial maze task. In the Morris water maze, an animal is placed in a pool of water from which it cannot escape. As it explores, the animal eventually locates a hidden platform just under the surface of the water. After reaching the platform and perching itself there, the animal learns its location by learning the spatial relationship of cues around the outside of the maze. Upon reentry into the maze, the animal locates the platform using those cues and the way in which the platform is positioned relative to its location. This task has been used extensively because it is dependent on the hippocampus, a brain structure involved in learning and one that possesses cells that are specialized to encode spatial location (Riedel et al. 1999) . It is also a useful and relatively easy task for assessing performance and learning in rodents. The effects of stress on this type of learning are somewhat varied and depend on the type of stressor, but even more so on when the stressor is experienced. For example, animals that are exposed to a stressful event of brief intermittent tailshocks learn to navigate in the Morris water maze and do so at the same rate as animals that are unstressed (Kim et al. 2005) . There are also examples of enhanced learning in the Morris water maze after a stressful experience. For example, male rats learn faster after having had a stressful aggressive encounter with another male (Buwalda et al. 2005) . However, stressed animals can express deficits later in their ability to recall where the platform was located (Kim et al. 2005) . Similarly, if animals are exposed to brief shocks after they are trained in the Morris water maze, they express a memory deficit for the platform location (de Quervain et al. 1998) . Interestingly, this effect is time limited since the deficit occurred only in animals that were exposed to the stressor 30 minutes before the retention test and not in those that were stressed two minutes or four hours before. In the end, the effects of stress on performance in the Morris water maze are mixed: In general, exposure to a stressful event tends to impair retention and/or retrieval but not learning per se.
In addition to the Morris water maze, a land maze with arms radiating from the center is used. In this task, the rat is food deprived and is given the opportunity to locate food pellets in the arms of the maze. The most efficient strategy is to enter an arm once and not again after the food has been consumed. In the typical eightarm radial maze, animals use spatial cues in the room to remember which arms they have already entered. In one study, animals were exposed to brief intermittent tailshocks and trained in the radial maze task 24 hours later (Shors & Dryver 1992) . Although the stressed animals did accrue more errors (reentries into arms that had already been debaited), a closer analysis of the data revealed that the stressed animals did know the spatial locations of the food pellets; they were simply taking the pellets to a safe arm (their first arm entry) and consuming the food there instead of in a novel location. This type of strategy is consistent with how animals might behave in a naturalistic situation after confrontation with a predator or a potential threat. Eventually, they would need to venture out to obtain food, but would likely consume it in a location that that was not associated with that threat. Therefore, in this instance, what looks to be a learning deficit is likely not one, but rather an adaptive response to a threatening stimulus event. For other types of stressors, such as restraint, the results are mixed. After 7 days consisting of hours of restraint each day, the behavior of animals in the radial maze is unaffected, whereas after 13 days, they seem to perform better, and after 21 days, they accrue more errors (Luine et al. 1996) . Finally, there are reports that stress can specifically alter learning that is dependent on the hippocampus but not learning that is independent of the structure. For example, exposure to a predator after training reduced performance in a working-memory version of the radial maze task (Woodson et al. 2003) . Again, most studies find that a stressful experience is associated with deficits in the retrieval of information but not deficits in learning itself.
It is most often assumed that stress has a negative impact on learning processes. But as shown above, the negative effects tend to occur upon retrieval of information that has already been learned, with relatively few demonstrations that stress impairs learning itself. What about the effects that stress has on new learning? Some investigators report enhancements, at least in adult male animals. For example, two hours of restraint stress as well as the more chronic experience of hours each day for 21 days enhanced the amount of conditioned fear that animals expressed toward the context (Conrad 1999 , Cordero et al. 2003 . There are also reports that exposure to inescapable stressful events enhances the conditioning of fine motor responses such as the eyeblink response (Figure 2) ).
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Figure 2
Exposure to an acute stressful event enhances subsequent responses to an associative learning task. Adult male rats were exposed to an acute stressor of brief, low-intensity tailshocks over 30 minutes and were trained 24 hours later on the classically conditioned eyeblink task. The trace paradigm was used, which consisted of a white-noise conditioned stimulus (CS) that predicted the occurrence of an eyelid stimulation unconditioned stimulus (US). The CS and US were separated by a 500-ms trace interval. Rats exposed to the stressor emitted a greater percentage of conditioned responses (eyeblink responses during the trace interval) to the CS than did animals that were not exposed to the stressful event (Hodes & Shors 2005a ).
The enhanced effect of stress occurs under numerous conditions, stressors, and paradigms. For example, the enhancement occurs in response to brief intermittent tailshocks and swim stress (Shors 2001) . It occurs during training on tasks that are dependent on the hippocampus, such as trace conditioning, as well as during training on tasks that are not dependent on the hippocampus. The effect has a protracted time course in that the increase in performance is evident immediately after exposure to the stressful event but also persists for days. To be specific, if an animal is exposed to the stressful event and then placed in its home cage for a day or two, it will emit more conditioned responses upon exposure to the new training situation (Shors & Servatius 1997) . This effect appears to be related to the initial acquisition and not to the retention or performance of the conditioned response since exposure to the stressor during training does not alter the expression of the conditioned response (Shors 2001) or the magnitude of the unconditioned response (Servatius et al. 2001) . In some studies, the rate of acquisition is increased, and in most, asymptotic performance is also enhanced. Thus, it cannot be stated with certainty that this phenomenon represents a learning effect, although the data are certainly suggestive. Finally, and as noted previously, the effect is dependent on the absence of control, because conditioning in animals that can learn to control the stress is unaffected, whereas conditioning in animals that cannot establish control is enhanced ( Figure 1B) (Leuner et al. 2004b ).
STRESS AND LEARNING AS A FUNCTION OF AGE AND SEX DIFFERENCES Sex Differences in Stress Effects on Learning
The effects reported up to this point are primarily those of adult males and suggest that, if anything, stressful experience tends to enhance new learning but reduces performance at the time of memory retrieval. In other words, if the stressful event occurs before the acquisition of new information, the learning is either unaffected or enhanced. However, if the stressful experience occurs after the information has been acquired, the retrieval of that information can be disrupted, and performance is oftentimes impaired. These findings suggest that negative effects of stress may be confined to disrupting information that has already been encoded. However, some studies suggest that stress can impair learning and that memory can be enhanced by stress (Nielson et al. 2005 ). Many of these reports, interestingly enough, involve differences that arise either because of gender or because of age.
Some years ago now, we reported sex differences in how animals respond to stress. As described, males that are exposed to the uncontrollable stressors of either brief intermittent tailshocks or swim stress tend to outperform males that are unstressed. Females, on the other hand, show the opposite pattern (Wood & Shors 1998 ). Thus, upon exposure to the same uncontrollable stressful events, their ability to acquire the classically conditioned eyeblink response is compromised. This effect, like that in male animals, is dependent on the absence of control; conditioning in females that could learn to control the shock during escape training is unaffected (Leuner et al. 2004b) . Also like the effect in males, the effect in females is evident during training on the hippocampal-dependent task of trace conditioning as well as the hippocampal-independent task of delay conditioning. In summary, the effects of a stressful experience on new learning are very different in males versus females, and in some cases, the effects are opposite.
How general is this phenomenon, and does it apply to other types of conditioning or learning situations? This question is difficult to address because many of the tasks that are used rely on exploratory behavior, which has different patterns in male animals than in females. Some studies find that females are more exploratory than are males after being exposed to shocks, are more likely to enter a compartment where they were previously shocked, and are less likely to freeze in a context SHORS previously associated with shock (Beatty 1979 , Maren et al. 1994 , Shors 1998 ). Thus, a stressful experience can alter behaviors differently in males than in females. In fact, it was reported decades ago that females did not express helplessness behavior (Kirk & Blampied 1985 , Steenbergen et al. 1989 . Females were trained to either escape a footshock or they could not escape. They were then trained on a task in which they could escape the shocks. As noted earlier, male rats that learn they cannot escape do not learn the new task very well. Females, on the other hand, move more than males do after they have been exposed to inescapable shocks. When they encounter the new learning situation involving escape, they move and consequently learn, or are not as impaired as males are. It is difficult in the end to know whether these findings represent learning effects or differences in performance that nonetheless affect the expression of learned responses.
Acute Stressful Experience and Learning from Gestation Through Puberty
Most humans experience stressful events throughout their lives, but those that occur during pregnancy are a concern not only for the mother but also for the offspring. Surprisingly, only a few studies have found that stress during pregnancy has consequences for learning in the offspring once they become adults. In one study, pregnant female rats were restrained daily for one week before giving birth. Apparently, the male offspring expressed more latent inhibition as adults (Bethus et al. 2005) . Interestingly, the investigators found no effect of the stressful experience on latent inhibition in females. Another study found that prenatal stress increases fear conditioning in male rats as adults (Griffen et al. 2003) . Many more studies have been directed at the period immediately after birth, usually by manipulating contact with the mother (Levine et al. 1956 ). Typically, the offspring are removed from their mothers, often for hours each day; a control group is not removed. Their responses to learning opportunities are assessed in adulthood. Overall, the data suggest that male rats are more vulnerable than are females to this manipulation. Male offspring that were separated from their mothers on gestational day nine showed enhanced learning during an active avoidance task and a spatial water maze task as adults (Lehmann et al. 1999) . Females were unaffected. Others have found that stress during the juvenile period can alter learning abilities, at least in males. For example, animals that were stressed chronically for four weeks expressed a deficit in performance in the spatial water maze task as adults (Isgor et al. 2004 ). In another study, male rats that were isolated from other rats between 15-21 days after birth emitted more errors in a working memory task as adults (Sandstrom & Hart 2005) . In yet another study, monkeys were socially isolated for brief periods during early development (postnatal weeks 17-27) and then tested as adults (Parker et al. 2005 ). The monkeys that had been isolated and therefore stressed during development made fewer errors using a response-inhibition testing paradigm. Most intriguing are the additive effects of multiple stressors on new learning. In one study, rats were exposed to a stressful event as juveniles and then again as adults. The ones that were exposed to both stressful events outperformed those that were exposed to just one stressful event in their lives. However, those that were exposed to two stressors as adults were not as affected as were those exposed to one stressor as juveniles and one as adults (Avital & Richter-Levin 2005) . Thus, stressful experience was shown to have a positive influence on performance and new learning in the water maze, and the effect was dependent on the stage of life in which the stressor occurred.
We recently examined the effects of acute stressful experience on learning in males and females before, during, and after puberty (Figure 3 ) (Hodes & Shors 2005a) . Animals were stressed with brief intermittent tailshocks and 24 hours later were trained with the classically conditioned eyeblink response using a trace paradigm. We found no effect of stress on conditioning before puberty. This was surprising in some ways since this period is well beyond the so-called stress hyporesponsive period, a time when the stress response is diminished. In fact, these prepubescent animals had robust stress responses as measured by the release of the stress hormones, the glucocorticoids. Nonetheless, there was no effect of the stressful event on new learning. During puberty, however, both males and females that were previously exposed to the stressful event emitted more learned response during training. In adulthood, the sex differences in response to stress emerged; adult males that were exposed to the stressful event emitted more learned responses, whereas females emitted fewer learned responses after exposure to the same stressor. These data indicate that the detrimental effect of stress on learning in females emerges in adulthood and is not evident before or during puberty. Thus, the way in which stress affects learning abilities is not only dependent on the sex of the animal but also on the stage of life during which it occurs.
Stress and Learning from Sexual Maturity Through Motherhood
It is clear that stress can affect learning differently in males than in females, and in some cases can even have opposite effects on learning in males and females. Moreover, the effects of stress on learning in females often depend on the stage of estrus during which the stress and/or training occur . For the effects of stress on classical eyeblink conditioning, it appears that females in proestrus are most affected. That is, females that are stressed and then trained in proestrus emit many fewer conditioned responses than do females that are unstressed. However, if they are in proestrus and not exposed to a stressful event, females emit more conditioned responses than do females in any other stage of estrus and than do males. Thus, females in proestrus learn best but are also most susceptible to the negative consequences of a stressful experience. Similar results have been reported in human studies. In fact, in 19 out of 20 separate experiments, women emitted more conditioned eyeblink responses than did men (Spence & Spence 1966 ). Stages of the menstrual cycle were not monitored. Nonetheless, a
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Figure 3
Stress during puberty and its effect on subsequent learning. Male and female rats of different ages were exposed to an acute stressor of brief intermittent tailshocks and were trained 24 hours later on a classical eyeblink conditioning task using a trace paradigm. Conditioning in males and females that were stressed and trained before puberty was unaffected by exposure to the stressful event. In contrast, conditioning in males and females that were stressed and trained during puberty was enhanced. As adults, however, sex differences in conditioning and the response to stress emerged. Specifically, females emitted fewer conditioned responses after exposure to the stressful event, especially if they were trained in proestrus (Hodes & Shors 2005a ).
very consistent sex difference in classical conditioning was apparent, and it was one similar to that observed in male and female rats. Also, the effects of anxiety on conditioning seem to interact with sex differences in humans. During differential conditioning, anxious men expressed more excitatory conditioning for the positive cue, whereas anxious women expressed greater excitation for both negative and positive cues (Spence & Farber 1954) . A more recent study found that a stressful experience of public speaking and mental arithmetic enhanced fear conditioning in males yet had no effect on acquisition in females (Jackson et al. 2005) . Overall, the amount of data is insufficient at this time to draw strong conclusions about how stress affects learning differently in males and females, much less to answer why. This is in part because females are usually excluded from animal studies, whereas in human studies, they are included but often are not distinguished from males during data analysis. Fortunately, this practice is beginning to change (Cahill 2005) . Females respond differently to stressful experiences during specific stages of life. The period immediately after giving birth is one of those times. In general, postpartum females (including women) are less anxious while they are lactating and show blunted responses to stressful experience (Carter et al. 2001) . Consistent with these effects, female rats that are lactating do not express a deficit in conditioning after stressor exposure, whereas those that are cycling or pregnant express a profound deficit (Figure 4) (Leuner & Shors 2005 ). This effect is dependent on the presence of the offspring, since the deficit will reemerge if the mothers are separated from their offspring. Also, the effect can be induced in virgins that behave maternally ( Figure 5 ). This process, known as "maternal sensitization," occurs when virgin females are exposed to offspring of other females. After several days, the virgin females begin to take care of the offspring and express many of the behaviors associated with motherhood. Amazingly enough, in the absence of giving birth, these virgins become resistant to the negative consequences of stressful experience. Thus, learning in females that are induced to act like mothers becomes resistant to stress, as it does in the postpartum female. The way in which the expression of maternal behavior, induced either by birth or by exposure to offspring, alters the response to stress is unknown, and why learning abilities would be protected is probably unknowable. Obviously, new mothers must learn many new behaviors and associative responses, and must do so oftentimes under threatening conditions. The point here is that the effect of stress on learning changes across the lifespan, particularly across the life of a female.
One of the most significant changes in life is the cessation of reproductive potential, a process that occurs most overtly in women but is also experienced in the lives of men. It is often assumed that stress will have more of an impact on the aged than on the young, and that the everyday stressors that occur in life can interfere with cognitive processing in the elderly. However, very few studies have examined how stress affects learning in aged animals. We recently examined the effects of acute stressful experience using brief intermittent tailshocks on classical eyeblink conditioning (Hodes & Shors 2005b ). As discussed above, exposure to this event enhances conditioning in males but interferes with performance in females. In
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Figure 4
The female response changes from pregnancy to postpartum. Females were exposed to an acute stressful event and trained 24 hours later on the classically conditioned eyeblink response using a trace paradigm. As shown previously, stress reduced the percentage of conditioned responses in adult females that were cycling. Stress also reduced conditioning in females that were pregnant and therefore not cycling. However, stress did not alter conditioning in females that were lactating. Upon removal of their offspring, lactation ceased and these females emitted a smaller percentage of conditioned responses after exposure to the stressful event (Leuner & Shors 2005 ).
Figure 5
The female response to stress is absent in virgins that express maternal behavior. Virgin females were induced to behave maternally with repeated exposure to offspring. While behaving in this way, they were exposed to an acute stressful event and 24 hrs later trained on the classically conditioned eyeblink response using a trace paradigm. Conditioning in the maternal virgins was not affected by exposure to the stressful event and thus their response was similar to females that are postpartum and lactating (Leuner & Shors 2005 ). This response (or lack thereof) is contrasted with that of virgin females that were not exposed to offspring; they emitted many fewer conditioned responses after exposure to the stressor. Asterisk denotes a significant change in response relative to the response from the No Stress group.
aged rats, however, there was no effect of stress whatsoever on conditioning. Thus, the enhancing effect of stress on conditioned responding in males did not occur and the deficits in females did not occur. These findings suggest that the older animals become immune to the effects of stress on this type of conditioning, irrespective of whether the effect is positive or negative. It is perhaps worth noting that before puberty, there are also no observable effects of acute stress on this type of learning (Figure 3) . Therefore, the effects of stress on new learning of this response seem to emerge with sexual maturity and diminish with the loss of reproductive potential.
SHORS
HORMOMES, BRAIN MECHANISMS, AND ANATOMICAL SUBSTRATES The Glucocorticoid Connection
Glucocorticoids are most often associated with stress and are important for their interaction with learning processes. These stress hormones are released in response to nearly every stressful event that a person encounters in life and their effects on the central nervous system are nothing short of profound. Mostly, they are anti-inflammatory and thus are critical for reestablishing and maintaining homeostasis after a stressful experience. Because glucocorticoids have direct effects on processes involved in learning and memory, they are studied in their own right.
Readers are referred to current reviews and analyses of the glucocorticoid literature (Het et al. 2005 , Lupien et al. 2004 , McEwen & Wingfield 2003 , Roozendaal 2002 ) that are not discussed here because of space limitations. Rather, the focus here is on studies that tested whether glucocorticoids are necessary for the effects of a stressful experience on learning and memory. The methods available to address this issue are not feasible for use in humans; thus, these studies have been conducted in laboratory animals. Probably the most conclusive method is to remove the adrenal gland via an adrenalectomy. This surgical manipulation removes the sole source of glucocorticoids. However, it also removes a source of epinephrine since epinephrine is also released from the adrenal medulla within the glands. Thus, to be sure that the effects observed after adrenalectomy are due to the absence of glucocorticoids, adrenalectomy studies should be followed up by adrenal demedullations, in which the adrenal medulla is removed, leaving the adrenal cortex and the source of glucocorticoids intact. This approach has been used to determine whether the enhancing effect of acute stress on classical eyeblink conditioning is dependent on the presence of glucocorticoids (Beylin & Shors 2003) . As shown in Figure 6A , adrenalectomy did not affect the overall level of conditioning, but did prevent the enhanced conditioning in response to an acute stressful experience of intermittent tailshocks. However, removal of the adrenal medulla did not prevent the enhanced responding after stress. Together, these data indicate that the effect of stress on classical eyeblink conditioning is dependent on the presence of stress hormones released from the adrenal cortex, i.e., glucocorticoids. Although necessary, these studies do not address whether the presence of stress levels of the hormones are sufficient to enhance learning. To address this issue, we conducted a subsequent study in which intact male rats were injected with a bolus of corticosterone at a concentration similar to that induced by stressful experience. Conditioning was increased while the glucocorticoid levels were elevated. However, once the hormone levels returned to baseline, the enhanced conditioning did not occur. In other words, conditioning in animals that were injected with the glucocorticoids and trained for the first time 24 hours later was unaffected. This is in contrast to the effects of an actual stressful event, where the enhanced learning occurs days after the stressful event has ceased and long
Figure 6
The presence of glucocorticoids is necessary but not sufficient for the persistent increase in learning after stressful experience.
(A) The graph shows the percentage of conditioned responses in animals that were adrenalectomized (ADX) and provided basal levels of corticosterone through their drinking water. The other groups were exposed to a sham surgery. The group that was stressed and trained emitted a greater percentage of conditioned responses than did the unstressed groups, unless they were adrenalectomized. There was no effect of stress on trace conditioning in the ADX group (Beylin & Shors 2003) . (B) The effects of stress on trace conditioning were examined in rats after their adrenal medulla was removed. In this experiment, adrenal demedullation did not prevent the enhancing effect of stress on conditioning, a finding that indicates the effect is mediated by the presence of glucocorticoids released from the adrenal cortex (Beylin & Shors 2003 ).
SHORS after glucocorticoid levels have returned to baseline. Together, these findings indicate that glucocorticoids are necessary but not sufficient for the persistent increase in eyeblink conditioning that occurs in males after an acute stressful experience. Others have examined the contribution of glucocorticoids to the effects of stress on learning by using a classically conditioned preference for morphine. Exposure to uncontrollable, but not to controllable, stress enhances the rewarding effects of drugs of abuse. Specifically, a stressful experience enhances an animal's ability to learn and remember where the rewarding effects of morphine were experienced (Der-Avakian et al. 2005) . This effect of stress on learning is also dependent on the presence of adrenal hormones, since adrenalectomy eliminated the enhanced preference for the morphine context. Like the effects of stress on eyeblink conditioning, these findings indicate that glucocorticoids are usually necessary for stress effects on learning, However, in their study, Der-Avakian et al. (2005) found the presence of glucocorticoids to be important during the morphine experience and not during the stressor. Thus, the release of glucocorticoids during the stressful event was not as important as the release during the training experience.
The previous two studies indicated that the enhancing effects of stress on learning are dependent on the presence of glucocorticoids. What about the more negative effects that stress has on memory? A stressful experience can impair retrieval of information that was acquired before the stressful event (de Quervain et al. 1998) . The release of glucocorticoids also seems necessary for this effect, since rats that were administered a drug that inhibits the synthesis of glucocorticoids did not express the memory deficit. In this case, the effect could be mimicked with an injection of glucocorticoids; therefore, the hormones were necessary and sufficient.
These few examples illustrate the many ways that the hypothalamic-pituitary adrenal response to stress interacts with processes involved in learning and memory. In general, glucocorticoid levels correlate with stress effects on learning. The existence of this relationship is not surprising because more stressful experiences result in both the release of more glucocorticoids and the increased likelihood to induce changes in learned responses. Despite the existence of this correlation, it does not necessarily mean that glucocorticoids are playing a critical role, and in some cases, they are playing none. For example, female rats have very high levels of glucocorticoids, particularly after exposure to a stressful event, yet the detrimental effect of stress on subsequent learning does not depend on their presence (Wood et al. 2001) . In summary, the role that glucocorticoids play in the effects of stress on learning is complicated. Their presence appears to be necessary for most effects, although the critical period varies depending on the learning situation. There are also significant differences in the hypothalamic-pituitary adrenal response to stress between species and even the sexes.
The Hippocampal Formation and Correlations Within
The hippocampus is the brain structure most often associated with stress and learning. This is in part because it possesses an abundance of glucocorticoid receptors (McEwen & Wallach 1973) . Two types reside there: type I or mineralocorticoid receptor, which is occupied at low basal levels of the hormone, and type II or glucocorticoid receptor, which is occupied during stressful times. Type I receptors are heavily concentrated in the hippocampus, whereas the stress-related type II receptors are especially prevalent in other brain regions, such as the hypothalamus and prefrontal cortex (Reul & De Kloet, Lupien & Lepage 2001) . Nonetheless, the hippocampus remains a structure of interest because it is involved in and is even necessary for some types of learning. Moreover, it is extremely sensitive to stressful experiences.
Relatively few attempts have been made to show that the hippocampus is necessarily involved in stress effects on learning. This is in part because the structure is involved in some types of learning and therefore its disruption will affect learning, even in the absence of stress. For example, it has been proposed that the stressinduced increase in trace conditioning is dependent on the hippocampus, but this has not been shown because disrupting the hippocampus would disrupt learning itself. There are, however, numerous correlations between stress effects on learning and changes within the hippocampal formation. For example, exposure to 21 days of restraint reduces the branching of CA3 pyramidal cells in the hippocampus (Wantanabe et al. 1992) . The reduction in synaptic connections correlates with performance deficits in the Y maze (Conrad 1999) . In other studies, it has been shown that exposure to the acute stressful event that enhances classical eyeblink conditioning also increases the excitability of pyramidal cells in area CA1 of the hippocampus. The increase persists for at least 24 hours and thus would be evident during the time when animals are being trained. These results suggest a positive relationship between cell excitability and new learning after stressful experience. Similarly, it has been shown that exposure to the stressor that enhances trace conditioning increases the density of dendritic spines in the hippocampus ( Figure 7B ) (Shors et al. 2001a) . Again, this effect suggests that an increase in spine density may relate to the increase in learning. The effect of stress on spine density is quite different in the female hippocampus, where exposure to the same stressor reduces spine density. Since acute stress enhances conditioning in males but impairs it in females, these data represent another positive correlation between the presence of dendritic spines and classical eyeblink conditioning. It would be interesting to know whether exposure to the stressor decreases cell excitability in the female hippocampus. If so, this would suggest a causal relationship between these various phenomena; however, the relationships would still be only correlational. It is nonetheless noted that this type of learning is associated with changes in both cell excitability and spine density. In males that are trained with eyeblink conditioning, neuronal activity increases as does the number of spines on dendrites in area CA1 ( Figure 7C ) (Berger et al. 1983 , Leuner et al. 2003 , McEchron & Disterhoft 1999 . Thus, a stressful experience induces changes in neuronal function and structures that are affected by learning itself, indicating a convergence on common substrates.
There has been much discussion about how neurogenesis may contribute to the effects of stress on learning. It has been established that the adult brain continues
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Figure 7
The presence of dendritic spines is affected by stressful experience and learning. (A) A photomicrograph illustrates the massive amount of dendritic branching that exists within the hippocampal formation. To the right is a CA1 pyramidal cell and dendritic spines on those cells. (B) It was determined, using Golgi staining techniques, that exposure to an acute stressful experience increases the presence of dendritic spines in the hippocampus of the male rat. Exposure to the same stressor reduces spine density in females. These responses to stress are represented in the graph as the mean number of spines along 10 um of a dendrite in area CA1 of the hippocampus, as well as in representative photomicrographs (Shors et al. 2001a . Asterisk denotes a significant change in response relative to the response from the No Stress group. (C) The presence of spines also increased in response to learning the classically conditioned eyeblink response, at least in males. Thus, spine density in the hippocampus correlates with learning after stress and is enhanced by learning.
to produce new neurons throughout life, and many of those are produced in the dentate gyrus of the hippocampus (Cameron et al. 1995 , Gould et al. 1997 , van Praag et al. 2002 . The production of new cells is especially sensitive to stressful experience; stressors such as social dominance, maternal deprivation, and predator odors all reduce the production of new cells in this brain region (Kosorovitskiy & Gould 2004 , Mirescu et al. 2004 , Tanapat et al. 2001 ). These cells have also been associated with some types of learning and thus it is tempting to conclude that stress effects on learning are mediated by changes in neurogenesis. This is probably not a viable explanation, at least not for the effects of acute stress on new learning. Most studies indicate that the new cells do not become involved in learning for at least a week after they are born (Gould et al. 1999 , Leuner et al. 2004a ). Thus, a change in cell production in response to acute stress would most likely not affect cells that are involved in learning. Also, the data to date suggest that the new neurons respond to relatively few types of learning situations (Shors 2004) . It is possible, however, that chronic stressful experiences over weeks or months could alter the production of cells to such an extent that changes in learned behaviors would emerge.
The Amygdala, Bed Nucleus, and Connections Between
The amygdala has been associated with stress and learning almost as much as the hippocampus. It is involved in aspects of emotional responses as well as learning about fearful events. In general, the amygdala allows emotional events to be remembered, and remembered well (McGaugh 2004) . Many studies have focused on memory retrieval and its interactions with glucocorticoids in the amygdala, and as noted above, this literature is not reviewed here. There are also those that have examined whether the amygdala is necessary for the stress effects on learning and memory. For example, the enhancing effect of stress on classical eyeblink conditioning could be prevented by blocking N-methyl-D-asparate (NMDA) receptors in the amygdala (Figure 8 ) . This effect was locally specific because antagonism in the basolateral, but not the central, nucleus was effective. Also, the effect was temporally specific because antagonism during, but not after, the stress was effective. These data suggest that a stressful experience activates NMDA receptors in the amygdala during the experience itself, which then induces more long-term changes in processes involved in learning. Others have shown a similar dependence. Recall that acute stress can reduce retention for spatial location in the Morris water maze. This effect can be prevented by inactivating the amygdala during, but not after, the stressful event (Kim et al. 2005) . Thus, it would appear that the amygdala is involved in stress effects on learning and memory, whether they are enhancements in learning or deficits in memory.
One of the major outputs of the amygdala is the stria terminalis. Some years ago, it was shown that lesions of this structure prevent the effects of glucocorticoids on memory processes, thereby suggesting that the "information" in the amygdala was being relayed to afferent structures (McGaugh 2004 , Roozendaal & McGaugh 1996 . The primary target of the stria terminalis is the bed nucleus, which is a structure known to be involved in stress, anxiety, and sex differences. Recent studies have indicated its involvement in anxiety (Walker & Davis 1997) . Thus, the bed nucleus is a structure that can maintain a state of anxiety in animals, a state that would likely alter an animal's ability to learn and remember. Consistent with this idea, the stress-induced increase in classical eyeblink conditioning is prevented by inactivating the bed nucleus (Bangasser et al. 2005 ). However, inactivation was only effective if it was done during the learning experience and not during the stressful event (Figure 8 ). The data suggest that the BNST is critical for maintaining the effects of stress for several days in case a new learning situation arises in which the increased responding can be used. It appears that the effect of stress on this type of learning is induced by activity within the amygdala, but that the response is maintained by changes in activity elsewhere, including within the bed nucleus of the stria terminalis.
Considering the Prefrontal Cortex
The prefrontal cortex is involved in cognitive processes that are generally referred to as executive functions. Recently, a number of studies have suggested that the prefrontal cortex may be involved in stress effects on learning (Birnbaum et al. 2004) . One of the more persuasive studies involves the effects of uncontrollable versus controllable stress on subsequent fear conditioning and escape behaviors. As discussed above, exposure to uncontrollable, but not to the same amount of controllable, stress enhances fear conditioning and impairs escape performance in a shuttle box escape task. However, neither effect occurred if the prefrontal cortex was inactivated during the stressful experience (Amat et al. 2005) . Others have ← Figure 8 The amygdala and bed nucleus of the stria terminalis (BNST) are involved, but at different times. (A) The percentage of conditioned responses in groups of male rats is shown. They were either unstressed or stressed in the presence of a vehicle or an N-methyl-D-aspartate (NMDA) receptor antagonist in the basolateral nucleus of the amygdala. Exposure to the stressor enhanced the percentage of conditioned responses in groups that were injected with a vehicle or if they were injected with the antagonist after the stressful event was over. The group that was injected with the NMDA receptor antagonist prior to the stressful event did not express an increase in conditioned responses . Asterisk denotes a significant change in response relative to the response from the No Stress group. (B) As described above, exposure to the stressor enhanced the percentage of conditioned eyeblink responses in males. However, inactivation of the BNST during the stressful event did not prevent the enhanced conditioning, whereas inactivation during training was effective (Bangasser et al. 2005) . Asterisk denotes a significant change in response relative to the response from the No Stress group. SHORS found correlations between stress effects on learning and changes in the prefrontal cortex. For example, exposure to a predator odor can disrupt memory for a spatial location, and the deficit correlates with the expression of a neural cell adhesion molecule in the prefrontal cortex (Sandi et al. 2005) . Others report that retrieval of fearful memories increases activity in the prefrontal cortex (Bremner et al. 1999) . This area of the brain is not as well delineated in the rat as it is in primates, making a direct comparison between species difficult. Nonetheless, given the involvement of the prefrontal cortex in executive function, its high concentration of stress hormone receptors, and its elaborate network of connections to most brain regions, a role in stress and learning is nearly assured.
CONCLUSION
In the end, is stress good or bad for learning? Intuitively, most would answer that it is bad. However, a slightly different view emerges from the literature. Overall, exposure to an acute stressful event tends to enhance learning of new information, if there is an effect at all, whereas exposure to a similar stressful event tends to impair the retrieval of information that has already been acquired. Although the implications are compelling, they are limited because most studies have been done exclusively in adult male animals. When age and sex differences are considered, these trends are nonexistent, and an even more diverse repertoire of responses emerges. This is especially so in females as they change their reproductive status. This should not be that surprising, since changes in learning abilities will have different consequences for survival during different phases of life, and oftentimes ones that cannot be anticipated. Nonetheless, a malleable stress response that interacts with learning is what one would expect from a complex biological system that must respond rapidly and appropriately to a changing environment. As such, it is unlikely that one mechanism or even a handful of mechanisms can account for the diversity of behavioral responses to stressful experience. 
